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Abstract
   The objective of this research is evaluating and comparing two methods of improving dehumidification in air 
conditioning systems. The two methods are the hybrid system: (refrigeration cycle – rotary desiccant) and the heat 
exchanger cycle. The impact of the desiccant performance on the hybrid system performance was studied. The impact 
of the heat exchanger efficiency on the performance of heat exchanger cycle was studied. Hybrid system, heat 
exchanger cycle, and conventional refrigeration cycle were compared at different design air flow rates and different air 
conditions. It was found that the hybrid system and the heat exchanger cycle can achieve lower SHR and dew point 
temperature than those of  the conventional cooling system. On general, the hybrid system can achieve lower SHR and 
dew point than those of the heat exchanger cycle. Although the heat exchanger cycle can achieve lower SHR and dew 
point than those of  the conventional cooling system, the coefficient of performance and the cooling effect of the heat 
exchanger cycle are lower than those of  the conventional cooling system, because the temperature of the cooling coil 
of the heat exchanger cycle is lower than that of the conventional cooling system. The coefficient of performance and 
the cooling effect of the hybrid system are close to those of  the conventional cooling system, because the temperature 
of the cooling coil of the hybrid system is close to that of the conventional cooling system. 
 
© 2011 Published by Elsevier Ltd.  
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1. Introduction
   Traditional air conditioning systems for comfort cooling commonly rely on the dehumidification 
capabilities of vapour compression cooling coils. Depending on the application, the mismatch between 
building latent load and equipment latent capacity can increase the humidity in the conditioned space [1].  
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Nomenclature
 : Bypass Factor [-] 
 : cooling effect [/ 	] . 
COP
: coefficient of performance [-]. 
COP : COP at specified rating conditions [-]. 
f, : capacity correction factor based on temperature [-]. 
f, : capacity correction factor based on air mass flow rate  [-]. 
f, : COP correction factor based on temperature  [-]. 
f ,! : COP correction factor based on air mass flow rate  [-]. 
"# : combined heat and mass potential, i=1,2  [-].  
h$%& : saturated air enthalpy corresponding to the apparatus dew point ['(/ )*+, ] . 
h-,. : evaporator inlet air enthalpy [/0/ 123,4] . 
h5,6 : evaporator outlet air enthalpy [78/ 9:;,<] . 
=>? : system inlet air enthalpy [@A/ BCD,E] . 
=FGH  : system outlet air enthalpy [IJ/ KL] . 
m : mass air flow rate [MN/ O] . 
QPQR,STUVW : cooling capacity at specified rating conditions [kW]. 
QXYZ : total cooling capacity [kW]. 
m: process mass air flowrate [kg/ s] . 
NTU : number of transfer units [-].  
NTU[\]^_ : the value of NTU at the rated flow rate [-]. 
SHR : sensible heat ratio [-]. 
`a, : temperature of entering air stream at the first side of the heat exchanger []. 
, : temperature of entering air stream at the second side of the heat exchanger []. 
	
, : temperature of exiting air stream from the first side of the heat exchanger [].  
T, : air temperature entering the condenser []. 
T,, : evaporator entering wet bulb temperature []. 
W  : energy consumed by the compressor [kW]. 
w, : evaporator inlet humidity ratio [kg, / kg,]. 
w, : evaporator outlet humidity ratio [kg, / kg,]. 
 
Greek symbols
 !":  #$ efficiency of the rotary desiccant wheel i =1,2 [-]. %&': Effectiveness of heat exchanger [-].
 
 
Amrane et al. [2] Has analyzed hundreds of reports of manufacturers of unitary air conditioning 
equipments. The data indicates that on average, the sensible heat ratio (SHR) is on the order of 0.7 at ARI 
conditions. HVAC systems are typically designed to ensure that they meet indoor comfort conditions at 
peak cooling loads. These systems, however, may not be able to provide adequate dehumidification during 
low load periods [3]. At partial-load operating conditions which occur for a majority of system operating 
hours, many commercial buildings require higher ratios of latent cooling up to 40, 50 and even 60 percent, 
Some buildings will require latent cooling only, without sensible cooling [4]. In addition, because 
conventional air conditioning equipment provides dehumidification as a consequence of satisfying sensible 
cooling loads, the space humidity level is not directly controlled. As result the space humidity level  can 
drift out the acceptable range [5].  
   ANSI/ASHRAE Standard 62-2001 have recommended relative humidity inside the conditioned space 
should be within the area between the 30 ... 60%, in order to reduce the organisms that cause diseases [6], 
and the U.S. Environmental Protection Agency (EPA) has confirmed that the fundamental solution to 
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reduce the growth of fungi and mold is to control moisture, and for that interior relative humidity should 
be kept always less than 60% [7]. The failure to properly remove the moisture is a common problem in 
many facilities, hotels, libraries, schools ... etc. [2]. In addition to the need to adjust the internal moisture in 
the air conditioning for thermal comfort there is a lot of industrial applications that need low relative 
humidity. 
   The most common method employed to improve the removal of moisture in the air conditioning systems 
are excessive cooling and re-heating with conventional energy, re-heating with condenser heat, and heat 
exchanger cycle [8]. The simplest way of that methods is the excessive cooling and re-heating with 
conventional energy, but that way leads to: increasing the size of equipments, increasing in energy 
consumption as a result of excessive cooling, and increasing in energy consumption as a result of re-
heating. The using of condenser heat in re-heating method can get rid of the problem of increased energy 
consumption resulting from the re-heating, but the other two problems remain [8]. 
   Heat exchanger cycle uses a heat exchanger to precool return air before it enters the cooling coil to 
reheat the supply air after it leaves the coil. This process lowers the dew-point temperature of the supply 
air and shifts some coil capacity from sensible to latent effect. The relatively new method of improving the 
removal of moisture in the air-conditioning systems is the hybrid system (refrigeration Cycle – rotary 
desiccant wheel), which was studied in this research. It is a special case of hybrid systems in which the 
rotary desiccant is linked to refrigeration cycle. In the hybrid system, a rotary desiccant wheel is pleased 
between the supply and return air. It also takes the heat exchanger cycle concept one step further by using 
the moisture cycling desiccant material to also premoisten the return air to the coil by transferring water 
vapour from the nearly saturated cool air exiting the coil. 
   The importance of this research are is to evaluate the performance of the hybrid system (refrigeration 
Cycle – rotary desiccant wheel) and the heat exchanger cycle and compare them in terms of its ability to 
reduce the values of SHR and dew points temperatures. 
 
2. Systems description
2.1.Heat exchanger cycle
  The return air is precooled by the heat exchanger prior to entering the cooling coil. This is represented by 
state point 1 to state point 2. This causes the air to be closer to saturation and allows the cooling coil to 
perform increased dehumidification. As the air leaves the cooling coil, it passes though the heat exchanger 
and is heated (state point 1 to state point 2). The work of the coil is shown by the process from state point 2 
to state point 3 [9]. As shown in Figure 1.  
 
 
Fig. 1 schematic diagram and pychrometric processes of heat exchanger cycle 
 
2.2. The hybrid system: refrigeration cycle - rotary desiccant
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   Figure 2 shows schematic diagram and pychrometric process of the hybrid system. State point 1 is the air 
that returns from the conditioned space to the system. A desiccant is used to remove moisture from the 
high humidity air exiting the cooling coil at 3. This sorption of moisture dries the supply air and it follows 
the line between state point 3 to state point 4 (process side of rotary desiccant wheel). The moisture taken 
from the supply air by the desiccant is re-evaporated into the return air prior to it reaching the cooling coil. 
This is represented by state point 1 to state point 2 (regeneration side of rotary desiccant wheel). The work 
of the coil is shown by the process from state point 2 to state point 3 [10].  
 
 
 
 
Fig. 2 schematic diagram and pychrometric processes of the hybrid System 
3. Mathematical models 
3.1. The Mathematical model of refrigeration cycle 
   The model for the conventional cooling system is modelled using an approach similar to that 
incorporated in ASHRAE’s HVAC Toolkit [11]. The total cooling capacity Q()*, and coefficient of 
performance COP+,- are calculated by applying correction factors to values specified at rating conditions.  
 
./01 = 2345,6789: .;<=>,?@AB,CD,E,FG,HI.JKLM,N(O/ PQRSTU)                                                                            (1)               
 
Where QVWX is the cooling capacity for the unit in steady state with the current operating conditions and 
QYZ[,\]^_` is the cooling capacity at specified rating conditions, fa,  is the capacity correction factor 
based on temperature, f,	 is the capacity correction factor based on air mass flow rate. 
The COP for the unit in steady state with the current operating conditions  [12]: 
 
1/ 
 = 1/  .,, !,",#$,%&.'()*,+(,/-./012)                                                               (2)  
 
where COP34567 is the COP at specified rating conditions, 89:;,< is the COP correction factor based on 
temperature, and =>?@,A is the COP correction factor based on air mass flow rate. 
The correction factors are based upon correlations of the following form. [12]: 
 
B
C
D EFGH,IJKL,MN,O,PQ,RSTUVWXY.Z[,\],^ _`a,, 	
.,, .,,.,
 !"#,$%&',(),*,+,,-./01234.56,78,9:;<=>,?@,AB CDE.FG,HIJKLM,NO PQR.ST,UV,W.XY,Z
[\]^,_(`/a)	
(/).(/).( (!/"#$%&')))
()*+, (-/./0123)4567(8/ 9:;<=>).(?@A(B/CDEFGH).(IJKLM(N/OPQRST)))U
V
W
                                                          (3)  
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The model for estimating sensible heat ratio utilizes the concept of  Bypass Factor (BF) [13]. 
 
XY = Z[,\]^_`a,	 =

,
,
                                                                                                                          (4) 
  
Where h, and h, are the evaporator inlet and outlet air enthalpy, respectively, and w, and w ,! are the 
evaporator inlet and outlet humidity ratio, respectively, and h"#$ is the saturated air enthalpy 
corresponding to the apparatus dew point. 
The bypass factor can be determined from the heat transfer characteristics of a specific evaporator coil.  
 
%& = '() (*+,-)                                                                                                                                       (5)  
./0 = 12345678 / (9/ :;<=>?)                                                                                                                   (6) 
 
Where NTU is the number of transfer units, NTUrated is the value of NTU at the rated flow rate.  
 
=@AB = =C,D * (=E,F * =G,H)/ (1* IJ)                                                                                                          (7)   
[13]:determined as  can beand temperature  he outlet air humidity ratioT  
 
KL,M = NO.PQ,R + (1 * ST).UVWX                                                                                                               (8)  
 YZ,[ = \].^_,` + (1* a).                                                                                                                  (9) 
 
3.2. The rotary desiccant wheel
 
  The rotary desiccant mathematical model uses simplified non-linear combined potential functions of air 
temperature and humidity ratio as [14]: 
 
	 = *2865/ 
. + 4.344. (10)  
 = ./ 6360* 1.127. (11)
Where T is air temperature [K] , and w is relative humidity [kg!," / kg#,$].  
The above combined potentials for the inlet conditions of the process and the regeneration air streams can 
be easily estimated. The combined potentials for the outlet process air stream are then attained from the 
following rotary desiccant efficiencies [14].  
%&' = (()*,+ * -./,0)/ (123,4 * 678,9) (12)  :;< = (=>?,@ * BCD,E)/ (FGH,I * KLM,N) (13)
Where %OP and %QR represent the regenerative FS and FT potential efficiencies, respectively. Three pairs of 
(%UV,%WX) values were selected. They were (0.05,0.95), (0.08,0.8) and (0.1,0.7), referring to good (GDP), 
medium (MDP) and poor (PDP) rotary desiccant performance, respectively [15]. 
    
3.3. The heat exchanger
Effectiveness of heat exchanger: 
  
%YZ = (t[,\]^ * t_,` a)/ (t, * t,) (14)  
Where  	,
 and , are the temperature of entering air stream at the first side and the second side of the 
heat exchanger [], respectively, and  ,  is the temperature of exiting air stream from the first side of 
the heat exchanger [].  
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4. Performance evaluation and comparison of the systems 
4.1. Study assumptions
The following simplifying assumptions are made:
1- Medium rotary desiccant performance (% = 0.08, % = 0.8).  
2- Heat exchanger effectiveness % = 0.45.  
3- Air flow m = 1 [kg / s] value was considered to be constant during the entire study.  
4- Standard ARI rating conditions are assumed: condenser inlet temperature of 35, evaporator inlet 
temperature of 27, and evaporator inlet wet bulb temperature of 19.4. The default value for the rated 
SHR is 0.75. For the prototypical unit with these specifications, the rated bypass factor is 0.261 and the 
rated NTU is 1.35. The rated flow rate per unit cooling capacity is 765[/ =/  !"]  
The table 1 shows coefficients of correction factor correlations for conventional cooling system. 
 
The table 1 .coefficients of correction factor correlations for conventional cooling system [12].  
 
#$ 0.8679054 %& 0.1169362 
'( 0.01424592 )* 0.02849328 
+, 5.543641.10-.  /0 *4.11156.1012 
34 *0.00755748 56 0.02141082 
78 3.3048.109: ;< 1.61028.10=> 
?@  *1.91808.10AB CD  *6.79104.10EF 
GH 0.4727859 IJ 1.0079484 
KL 1.2433414 MN 0.3454413 
OP *1.0387055 QR *0.6922891 
ST 0.3225781 UV 0.3388994 
 
5. Results and discussion
   Computer programs were prepared by using MATLAB environment to evaluate the performance and to 
plot the performance maps for each of the conventional cooling system, hybrid system and heat exchanger 
cycle. The three cycles were compared on the base of the most important performance parameters which 
are the coefficient of performance, the cooling effect and the sensible heat ratio.  
cooling effect:  The 
 
WX = =YZ[ * =\]                                                                                                                                        (15) 
 
. [^_/ `a] are the system inlet and outlet air enthalpy, respectively =  =,  Where 
The coefficient of performance:  
 
	 = 
./                                                                                                                            (16) 
Where W  is the energy consumed by the compressor [kW],  m: the process mass air flowrate [kg/ s] .  
SHR is calculated for the system as a whole:  
 
 = (=(,) * =)/ (= * =)                                                                                           (17)                   
 
5.1. Impact of the desiccant performance on the hybrid system performance
 
   The performance of the hybrid system was evaluated in three cases of the performance of the rotary 
desiccant wheel, which are good, medium, and poor. Table (2) gives the values of the performance 
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parameters of the hybrid system in the three former cases. By comparing the three cases, it is found that 
improving of the performance of the rotary desiccant leads to lower SHR and dew point temperature, while 
the cooling effect and the coefficient of performance are not influenced a lot.  
 
Table (2) the values of the performance parameters of the hybrid system with good (GDP), medium (MDP) and poor (PDP) rotary 
desiccant performance 
 
Studied Case C.E[kJ/ kg] COP SHR
Supply
Temperature
t4 []
Supply dew point
Temperature
td4 []
First Case: GDP 17.857 3.441 0.434 19.4 9.3
Second Case: MDP 17.818 3.432 0.483 18.6 10
Third Case: PDP 17.814 3.426 0.514 18.1 10.4
5.2. Impact of the heat exchanger efficiency on the heat exchanger cycle performance
   The effect of the effectiveness of the heat exchanger on the performance of the heat exchanger cycle was 
studied, as shown in Figure 3. It can be observed that with increasing the effectiveness of the heat 
exchanger, SHR and dew point temperature decrease. SHR decreases from 0.71 to 0.432 and the dew point 
temperature decreases from 12.9 to 10.1 with increasing the effectiveness of the heat exchanger from 
0% to 60%, respectively. However, the cooling effect and the coefficient of performance decrease with 
increasing  the effectiveness of the heat exchanger, the cooling effect decreases from 17.776 [ ! / "#]  to 
16.13[$% / &'] and the coefficient of performance decreases from 3.45 to 3.33 with increasing the 
effectiveness of the heat exchanger from 0% to 60%, respectively. But with increasing the effectiveness 
the heat exchanger, the supply temperature increases. At zero effectiveness of the heat exchanger, the 
supply temperature is 14.7 and increases to become 20.1 at 60% effectiveness of the heat exchanger.  
 
 
Fig. 3 the performance map of heat exchanger cycle with increasing the effectiveness of  the heat exchanger 
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5.3. Comparison of the systems
5.3.1. Design air flow rate of the refrigeration cycle 
   Conventional cooling system, hybrid system and heat exchanger cycle were compared at three design air 
flow rates wich were selected to maintain air mass flow rate of  ( = 1[)*/ +] . 
1 - Design air flow rate is 425[,-/ =/ ./0123 ], rated cooling capacity is 4567,89:;< = 25.645[=>] , and 
rated flowrate is ?@ABCD = 5602[EF/ =]. 
2 - Design air flow rate is 595[GH/ =/ IJKLMN ], rated cooling capacity is OPQR,STUVW = 18.317[XY] ,  and 
rated flowrate is Z[\]^_ = 4004[`a/ =]. 
3 - Design air flow rate is 765[/ =/ 	 ], rated cooling capacity is 
, = 14.247[] , and 
rated flow rate is  = 4004[/ =]. 
Figure 4 depicts the performance of conventional cooling system, hybrid system and heat exchanger cycle 
at different air flow rates. It is found that with decreasing the air flow rate, SHR and the dew point 
temperature of the conventional cooling system decrease. The heat exchanger cycle and the hybrid system 
achieve lower SHR and dew point temperature than those of the conventional cooling system at all air flow 
rates. The SHR of the hybrid system and the heat exchanger cycle are very close at 425[/ =/  !"#$]  
design air flowrate, but with increasing the air flow rate, the hybrid system achieves a lower SHR than that 
of the heat exchanger cycle. The hybrid system achieves a lower dew point temperature than that of the 
heat exchanger cycle at all air flow rates and the difference is nearly 1. The coefficient of performance 
of the three systems decreases with decreasing the air flow rate. The coefficient of performance of the 
hybrid system is close to that of the conventional cooling system. The coefficient of performance of the 
heat exchanger cycle is the lowest among those of the three systems, because the heat exchanger cycle 
operates at lower temperatures of the cooling coil than those of the conventional cooling system, while the 
hybrid system works at temperatures of the cooling coil which is close to those of the conventional cooling 
system. 
 
 
Fig. 4 the performance  map of conventional cooling system, hybrid system and heat exchanger cycle at different air flow rates 
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5.3.2.The air conditions
   The conventional cooling system, hybrid system and heat exchanger cycle were compared at different air 
conditions entering to those systems. In the first case, the air temperature was kept constant at 27  and 
the relative humidity was changed between 30% ... 70%. In the second case, the relative humidity was kept 
constant at 50% and the air temperature was changed between 22 ... 32.  
   Figure 5. (a) illustrates the performance maps of the conventional cooling system, hybrid system and 
heat exchanger cycle with changing the air temperature. In general, the hybrid system and the heat 
exchanger cycle achieve lower SHR and dew point temperature compared to the conventional cooling 
system. SHR and dew point temperature of the three systems increase with increasing the air temperature. 
Hybrid system achieves a lower SHR than that of the heat exchanger cycle, where the difference is 
between 3% ... 5%, while the difference in the dew point temperature is  found to be approximately 1. 
The difference in the coefficient of performance and the cooling effect between the hybrid and the 
conventional cooling systems is slight, while the coefficient of performance and the cooling effect of  the 
heat exchanger cycle are lower than those of  the former two systems.  
 
 
Fig. 5. (a) Performance maps of  the conventional cooling system, the hybrid system and the heat exchanger cycle with changing the 
air temperature; (b) Performance maps of  the conventional cooling system, the hybrid system and the heat exchanger cycle with 
changing the relative humidity. 
   Figure 5. (b) shows the performance maps of the conventional cooling system, hybrid system and heat 
exchanger cycle with changing the relative humidity.The hybrid system and the heat exchanger cycle have 
more capability to achieve lower SHR and dew point temperature compared with those of  the 
conventional cooling system. SHR decreases and the point dew temperature increases in the three systems 
with increasing the relative humidity. The hybrid system can achieve a lower SHR and dew point 
temperature than those of the heat exchanger cycle when the relative humidity is low, but with increasing 
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the relative humidity, the difference between the two systems decreases. Concerning, the cooling effect 
and the coefficient of performance, there is a slight difference between the conventional cooling system 
and the hybrid system. The coefficient of performance of the hybrid system is higher than that of the heat 
exchanger cycle, but the difference does not exceed 0.1. The cooling effect in the hybrid system is higher 
than that of the heat exchanger cycle where the difference is between 1.2 %& / '( at relative humidity of 
30% and 0.7 )* / +, at relative humidity of 70%. 
 
6. The conclusions
From the various studies described above it is possible to draw the following general conclusions: 
1 – Improving the performance of the rotary desiccant in hybrid system leads to decreasing SHR and dew 
point temperature, while the cooling effect and the coefficient of performance are not influenced a lot.  
2 - Increasing the effectiveness of the heat exchanger in the heat exchanger cycle results in decrease of 
SHR and dew point temperature, but it also leads to decrease of the coefficient of performance and the 
cooling effect.  
3 - Hybrid system and heat exchanger cycle can achieve significantly lower SHR and dew point 
temperature than those of the conventional cooling system. 
4 - Generally the hybrid system can achieve SHR and dew point temperature lower than heat exchanger 
cycle.  
5 - The heat exchanger cycle achieves lower SHR and dew point temperature than those of the 
conventional cooling system, but the coefficient of performance and the cooling effect decrease, because 
the cooling coil of the heat exchanger cycle works at lower temperatures than those of the conventional 
cooling system, while the hybrid system has coefficient of performance and cooling effect very close to 
those of the conventional cooling  system, because the cooling  coil the hybrid system works at 
temperatures close to those of  the conventional cooling system.  
6 – The hybrid system will be better able to achieve lower SHR and dew point temperature than the heat 
exchanger cycle when the relative humidity is low, but with increasing the relative humidity, the difference 
between the two systems reduces.  
7 - The hybrid system achieves lower SHR and dew point temperature than those of the heat exchanger 
cycle with changing the air temperature, i.e. the difference between the two systems is not much affected 
by the temperature change.  
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